: We present a detector apparatus, D X (DIRectinal Xenon), designed to measure the spatial and temporal properties of scintillation in liquid xenon to very high accuracy. The properties of scintillation are of primary importance for dark matter and neutrinoless double beta decay experiments, however the complicated microphysics involved limits theoretical predictions. We will explore the possibility that scintillation emission exhibits correlation in light emission such as super-radiance, which depends on the type of interaction. Such properties of scintillation light may open a new window for background rejection as well as directionality measurements. We present the technical design and the concepts driving it, and demonstrate that statistical treatment will enable detecting anisotropy of as little as 10% of the photons. We show results from commissioning runs in which the detector operated for over 44 days in stable conditions. The time resolution for individual photons in different PMTs was measured to be 1.3 ns FWHM, corresponding to 0.55 ns (1 σ).
Introduction
Noble-Liquid detectors have gained popularity over the past decades. Specifically, Liquid Xenon (LXe) is widely used as the target material in Dark Mater (DM) direct detection and neutrino-less double beta-decay (0ν ββ) experiments. The scintillation light and the ionization electrons produced in an interaction are used to reconstruct the recoil energy, the interaction location, and to discriminate between nuclear recoils (NR) and electron recoils (ER) [1] [2] [3] [4] [5] . Some experiments use a dual phase Time Projection Chamber (TPC) based detector that measures both the xenon ionization and scintillation signals, and thus provides better location reconstruction and ER/NR discrimination.
The current primary background in LXe TPCs are ERs from γ and β emission by residual radioactivity in the detector and its environment. This includes both impurities in the LXe and radioactive isotopes in the material that constructs the detector. The next generation of DM experiments is planned to be sensitive enough to reach the neutrino floor [6, 7] , where neutrinos from various sources produce a substantial rate of irreducible NR background with respect to the expected signal rate.
When a particle interacts with the LXe it produces a recoiled electron or nucleus. The recoiled particle forms a track of excited xenon atoms (Xe * , exciton) and electron-ion pairs (Xe + + e − ). Excitons form excited dimer states (Xe * 2 , excimer) through interaction with neighbouring xenon atoms, and these excimers emit VUV light (hν) when they decay from the lowest excited molecular state to the dissociative ground state, Xe * + Xe → Xe * 2 → 2Xe + hν. and the decay of the resulting excimers also contributes to the VUV emission [8] .
The scintillation spectrum has a Gaussian shape centered at a wavelength of 175 nm with a 10 nm Full-Width at Half-Maximum (FWHM) [9] . The excimers have two decay components with different temporal structure, one from the singlet and the other from the triplet state. In the absence of an external electric field, ER induced excimer production by recombination (eq. 1.2) dominates over the singlet and triplet emission with a decay time of ∼ 45 ns. For NRs the process is very fast, less then 1 ns, and both the singlet and triplet components can be observed. The singlet state decay time is ∼(2 -4) ns, and the triplet state decay time is ∼(24 -27) ns [10] .
The phenomenon of spontaneous phase-locking of atomic dipoles in an excited sample, known as Super-Radiance (SR) [11] , opens new prospects for background rejection in liquid xenon detectors. SR occurs when the excited sample size is smaller than the radiation wavelength, such that the photon emission cannot be assigned to a specific emitter in the sample. While in ordinary radiance from an excited sample of atoms the emission pattern is isotropic, the decay time is exponential with a characteristic time τ R , and the intensity is proportional to the number of emitters (I R ∼ N); in SR the excited sample radiates coherently (I SR ∼ N 2 ) much faster (τ SR ∼ τ R /N) and the radiation is enhanced in the direction of the longest dimension of the sample. It had been shown by simulations that the typical size of NR events is O(100 nm) [12] which is smaller then the xenon radiation wavelength ∼175 nm). As mentioned above, the ER emission is dominated by the recombination process; therefore, SR is not expected to be important in the ER emission process, thus SR may be an identifier of NR.
The directionality of the SR emission holds a potential for the rejection of the irreducible neutrino background, which poses a challenge for future experiments. The directions of the NRs induced by solar neutrinos are peaked in contrary to the Sun, while the diffused and atmospheric neutrinos NRs are isotropic [13, 14] . The directions of DM induced NRs are peaked opposite to the direction of the solar system velocity vector around the Milky Way center which manifests in forward-backward asymmetry in the recoil rates in the Galactic reference frame [15] . No known background can mimic this signal, and the directional signal is widely held to be the cleanest expected signature of Galactic DM.
Early studies of macroscopic ionization using high energy-density electron beams showed that scintillation from LXe produces a coherent amplification of light [16] . However, SR emission from a sample excited by a single particle is yet to be explored. In this paper we present an experimental set-up called D X (DIREctional XENOn), specifically designed to measure the spatial and temporal distribution of LXe scintillation light from a localized event.
Experimental Setup
In the heart of D X lays a small spherical cavity inside a thick sphere made of High Purity Fused Silica (HPFS). LXe is circulated through the cavity and serves as a uniform excitation-target. The sphere is surrounded by 20 Photo Multiplier Tubes (PMTs) facing its center, allowing spatial and temporal measurements of individual photons. The geometry of the detector approximates a point source of scintillation photons, so detailed vertex reconstruction inside the LXe is unnecessary. A schematic view of this system is shown in figure 1 The system is designed with a 0.2 ns data-sampling interval, better than 1 ns synchronization between PMTs, and ∼ 0.8 steradian spatial resolution. Since the exact nature and magnitude of SR in LXe are yet unknown, the guiding principles of the design were flexibility and versatility. Any part of the system can be redesigned or upgraded to fulfill future experimental requirements without changing the rest of the system. The modular design also allows fast and easy recovery in case components malfunction. D X is made of five main building blocks: (i) the gas handling system provides a xenon filling and recuperation port, circulates the xenon and purifies it; (ii) the cryogenic system liquefies the xenon and delivers it to the detector; (iii) the detector assembly holds the HPFS sphere and the PMTs around it; (iv) the Data AcQuisition system (DAQ) supplies high voltage to the PMTs and handles triggering and digitization of data; and (v) the Slow Control system (SC) monitors the condition of the experiment using various sensors and gauges. The entire assembly is held on three separate racks as shown in figure 2. 
Gas Handling
In many LXe detectors the desired level of impurity concentration is about 1 ppb O 2 equivalent, which is essential for a typical 10 centimeter long drift of the ionization electrons [1, 2] . In order for the LXe to reach this level of purity within a time-scale of days, continuous purification is required. In D X only the prompt scintillation is measured, so such a high level of purification is not necessary. Nonetheless, this capability along with filling, circulation and recuperation of xenon is provided by the gas handling system.
During purification, a circulation pump1 extracts LXe from the detector assembly through a heat exchanger2,where it is heated and vaporized. The xenon then passes through a Mass Flow Controller3 (MFC) that can regulate the heat flux into the system and pumped into a hot getter4 that removes residual carbon, nitrogen and oxygen based 1KNF N143 SN.12E diaphragm-gas sampling pump. 2GEA GBS100M 24 plate heat-exchanger. 3MKS mass flow controller 1179A00614CR1BM TBD 4SAES MonoTorr PS4-MT15-R-2 heated getter purifier. mounted on the three racks: (1) the gas handling system; (2) the cryogenic system, including the heat-exchanger; (3) the detector assembly; and (4) the data acquisition system. The slow-control is distributed around all three racks.
impurities. Once purified, the Gaseous Xenon (GXe) is delivered back to the cryogenic system via the heat exchanger, where it is liquefied and directed into the detector assembly. A schematic of this system is shown in figure 3.
Cryogenics
Remote cooling is commonly used in LXe experiments, assisting in reduction in background radiation and acoustic noise from the cooler to the detector, and also providing design flexibility. The cryogenic system is connected to the gas handling system on one side and to the detector assembly on the other, and built such that replacing the cryo-cooler (e.g., to a pulse tube refrigerator) requires just an adaptation of the top flange.
The cryogenic system is divided to an Outer Vessel (OV) which holds the insulation vacuum, and an Inner Vessel (IV) which holds the xenon. In addition to the vacuum jacket that minimizes diffusive and convective heat leaks, the IV is fully covered with a multi-layer aluminized myler to prevent radiative heating.
The OV is made of a 10" ConFlat (CF) cube, with ports on all six faces, interfacing the gas handling system and the detector assembly, and bearing various service ports (e.g., feed-throughs, pumping ports, view ports). The OV is connected to the detector assembly via a 6" CF flexible bellows, providing a shared vacuum jacket. The IV is made of an 8" CF nipple with a 6" length. A 120 mm diameter Oxygen-Free, High thermal-Conductivity (OFHC) copper cold finger is welded to its top flange with a design similar to the one in [17] . The inner part of the cold finger, which is in contact with the xenon, has long fins to maximize its surface area and hence its heat-transport flux. The upper part of the cold finger is in thermal contact with the lower part of a cryo-cooler1 via a copper adapter. A cartridge heater inside the copper adapter can be used for emergency heating in case xenon freezes on the cold finger. The cryo-cooler itself is mounted on a 4 1 /2" feed-through on the OV top flange. It is controlled by a drive electronics unit2 that allows setting the target cooling temperature and maintaining it stable to 0.2 • C by a PID control loop. Unlike most LXe experiments, where the cooling unit works continuously at maximum power, this controller regulates the output power of the cryo-cooler (up to a maximum of about 70 W cooling power) to maintain the desired temperature in varying conditions.
A custom-made 0.6 mm thick Stainless Steel (SS) funnel is installed on the inner side of the IV bottom flange, collecting LXe drops from the cold finger and delivering them to the detector. The IV bottom flange is attached to the detector assembly via a 3 3 /8 " flexible bellows, creating a contiguous volume that allows the GXe evaporated in the detector to reach the cold finger and re-condensate. The bellows also hosts three pipes: the suction and return pipes from the gas handling system, and the pipe coming from the funnel.
The purified LXe from the gas handling system and the less pure LXe (from the cold finger) run in separate pipes, and can be delivered to different parts of the detector. The CAD view of the cryogenic system design is shown in figure 4.
The Detector
The detector assembly is a vacuum chamber with an inner assembly consisting of the HPFS sphere, the PMT sensors observing it and their accessories. This chamber is placed below the cryogenic system and can be seen in figure 5 .
The interface unit to the cryogenic system consists of two flanges welded together via seven tubes, which serve as general purpose service ports, four ports with a 2 3 /4" CF flange, and three with a 1 1 /3" CF flange (mini-CF). The upper flange (NW320 ISO-LF) shares the cryogenic system's OV insulation vacuum, while the bottom one (10" CF) is part of the IV and can hold a full size LXe vessel in a future detector upgrade. The bottom flange of the interface unit (see figure 5 ) is also adapted to fit a smaller 4 5 ⁄8" CF flange, which is used in the current detector configuration to connect the pools (see figure 5 ).
The vacuum chamber is made of an NW320 ISO-LF nipple closed with a blank flange from below, and connected to the upper interface flange from above. The length of the nipple is determined to be 50 cm. The height of the setup is below 190 cm, allowing transporting the experiment for irradiation The 4 5 /8" CF adaptation of the interface unit's bottom flange holds a split vessel with two pools (see figure 7 ) that serves as a LXe reservoir. One pool (suction) is connected to the top port of the HPFS sphere, and the other (return) to its bottom. The circulation path is such that LXe coming from the funnel or directly from the gas handling system, drips into the return pool, flows through a 1 /2" pipe down to a bottom reservoir, then up through the sphere and into the suction pool. From the suction pool it is pumped back to the gas handling system. This creates a pumping buffer that maintains the sphere constantly filled with LXe, and assures that the flow and the convection in the LXe are in the same direction. Each pool is equipped with two temperature sensors1 for liquid level monitoring (see also section 2.5). The wires of the sensors are connected through a mini-CF feed-through to the OV (see figure 5 ).
The bottom LXe reservoir (see figure 5 ) is connected below the sphere and serves as a xenon phase-separator and a thermal buffer. Its unique inclined design prevents bubbles that form inside it from mixing into the up-flowing fluid. These bubbles accumulate in the top part of the reservoir and eventually float back to the return pool through the 1 /2" 1Lakeshore PT111.
input pipe (see figure 5 ) rather than through the sphere. The inner pipe feeding the sphere from the liquid phase inside the reservoir is curved upwards, so bubbles that form below its opening will not reach the sphere. This way only a single-phase fluid flows through the sphere and scintillation light is not refracted by liquid-gas boundary layers inside it.
The sphere is a custom designed hollow shell made of Corning HPFS 8655 with high transmittance to VUV. Two Invar tubes with SS mini-CF flanges are connected to the sphere on both sides, serving as input / output ports. The tubes are glued into the two holes in the sphere using a low out-gassing, cryogenic epoxy resin1. The bottom flange of the sphere is connected to the lower thermal bath via a small flexible bellows in order to prevent torque on the glued ports and to absorb vibrations. The optical properties of the sphere are further discussed in section 3. Photons emitted from the LXe in the sphere are detected by 20 PMTs2. The PMTs were tested by the manufacturer to have a Quantum Efficiency (QE) ≥ 30% at a wavelength of 178 nm. A positive voltage divider3 is used to provide high voltage to the PMTs, in the range of 700-900 V.
The PMTs are held with a custom designed aluminum holder. The holder is made of two hemispheres hosting the PMTs in 3 rows, all of them pointing to the center of the sphere. The PMTs are attached to the holder by their voltage-divider bases using M2 PEEK screws (see figure 7) .
In some of the initial tests a USB snake camera was inserted into the system for monitoring the xenon in the sphere. The camera was inserted through a mini-CF port connected to a 1 ⁄4" flexible tube with a viewport on its other side. Thus the camera was never in vacuum or exposed to cold temperatures. Finally, an optical fiber with a diameter of 1000 µm and numerical aperture of 0.22, leads 900 ps long (FWHM) light pulses with a wavelength of 365 nm from an outer pulsed-LED light source1 to the vicinity of the sphere. Along with the light pulse itself, the LED driver-circuitry also sends a synchronized trigger signal to the data acquisition system. These two outputs are used for gain and timing calibrations (see sections 6.2 and 6.3). 
Data Acquisition
The DAQ system uses both NIM and VME electronic modules. The data is read out through a PCIe card2, which is connected by an optical link to a VME controller3. A schematic layout of the DAQ system is shown in figure 8 .
The PMTs are ramped up to their individual working voltage using a VME high voltage distributor module4. The raw pulses from the PMTs are split by a NIM Fan-In Fan-Out (FIFO) module5, or amplified by a pre-amplifier6, before they are processed by the NIM logic and digitized. One of the outputs is converted into a digital signal by an ADC7, and the other is fed to a discriminator8 which produces a trigger signal to the ADC when a coincidence of predefined number of PMTs cross a threshold in an adjustable time window. This discriminator is also connected to a scalar module9 to monitor each PMT trigger rate (see section 2.5). PMTs and the subsequent electronic channels to record the events once triggered.
The ADC consists of two 12 bit 5 GS/s, 1024 capacitors switched capacitor digitizer sections, each of them with 16 channels and one fast trigger channel, based on DRS4 chip. The dynamic range of the input signal is 1 V peak-to-peak (V pp ) with an adjustable DC offset. This module constantly samples (at 5 GS/s, 2.5 GS/s or 2 GS/s) either bipolar or unipolar analog input signals, and records them into circular analog memory buffers. Once triggered, all analog memory buffers are frozen and digitized into a digital memory buffer with a 12 bit resolution.
Slow Control
A variety of sensors are used to collect information from the experiment's subsystems. This information is monitored to ensure the stability and well-being of the system as well as to understand the xenon flow conditions. A time-series server was built specifically for handling time-stamped events and measurements, based on influxdb [18] . Grafana [19] , an open-source software, is used for monitoring and visualization. The monitored data is streamed to the database using the influxdb API, which is integrated using python control scripts.
Ten temperature sensors continuously monitor the temperature of different components in the experiment. Two1 in the copper adapter above the cold finger, four2 in the upper pools for liquid level monitoring and another four3 on the IV tubes of the detector. These sensors are connected to a reader4 that provides both display and data connectivity to the SC computer. The vacuum in the inner and outer vessels is measured by two vacuum 1LakeShore PT-111 2Cryocon GP-100. 3Cryocon XP-100. 4Cryocon 18i cryogenic temperature monitor.
gauges1. The gas pressure in the IV is monitored by a manometer2 connected to a readout and control unit3. If the IV pressure exceeds the HPFS sphere's specifications (maximal inner pressure of 3 bar gauge) a pressure relief system reduces the inner pressure to the desired level.
Four thermistor sensors monitor the inlet and outlet ports of the cooling-water, the cryo-cooler's compressor tank and the ambient air temperature. They are read using an arduino board with an accuracy of ∼ 1 • C. The total amount of xenon in the system is monitored using the MFC. The voltage, the current and the trigger-rate of the PMTs are monitored and streamed to the SC database as well.
A 1 /4" vacuum-tight bellows enters the OV through a mini-CF service port, with an optical view-port at its end. It holds a commercial USB endoscope camera and placed instead one of the upper-row PMTs such that it points at the sphere. This camera allows a continuous on-the-fly visual inspection of the xenon phases inside the sphere. A simple and fast image processing algorithm constantly monitors the difference between two consecutive camera snapshots which is then streamed to the SC database.
Finally, the database is continuously checked for missing information, which may occur in case of gauges failure, connection errors or power failures. It is also checked for abnormal working conditions, such as excessive pressure and temperatures. An alarm message is sent in each of these cases, via emails and SMS.
Optical Properties of the Sphere
The central component of the experiment is the HPFS sphere, which holds the LXe target, located in the center of the detector assembly. In order to allow the measurement of the original direction of photons emitted by the LXe, it is important to reduce the diffraction and absorption of photons on their path from the to the PMTs.
The HPFS transparency to VUV photons is a crucial parameter for setting the dimensions of the sphere (inner and outer radii). Therefore, the transmittance of an HPFS sample was measured using a VUV monochromator4. A deuterium VUV light-source5 was set facing a vacuum chamber with a PMT inside, and an HPFS sample was placed in front of the PMT window. The light intensity was measured by the PMT with and without the HPFS sample, and the HPFS transmittance was calculated from the ratio of the two measurements. The transmittance as a function of wavelength is shown in figure 9 (left), and is ∼ 98.7% per cm at 178 nm.
The HPFS refractive index is 1.6 which matches the refractive index of LXe at 178 nm, 1.69 [20] . The refractive index at various wavelengths was measured using the above mentioned monochromator setup, and the results of this measurements are shown in figure 9 (right).
The sphere's inner (r in ) and outer (r out ) radii were optimized for small deflection of photons (higher r out /r in ) and minimal losses (lower r out − r in ). GEANT4-based simulations assisted in the choice of r in = 1 cm and r out = 3 cm.
Detector Sensitivity
In this section we estimate the sensitivity to anisotropic spatial patterns of emission. The sensitivity of the detector is defined by its ability to identify an anisotropic component in the scintillation photons emission pattern (signal), over the isotropic one (background). The photon emission pattern is modeled using a combination of isotropic emission and one or two focused beams. These types of patterns are selected as light from SR is expected to be focused along the long symmetry axes of the excimers cloud.
where f iso is the Probability Density Function (PDF) of an isotropic emission, f G is a PDF of a Gaussian distribution with a half-width at half-maximum of σ, r aniso is the anisotropic emission fraction and r 1,2 are the beam intensity fractions (r 1 + r 2 = 1). The first beam direction is random, and the second beam has either a random ("uncorrelated") or an opposite ("correlated") direction to the first. The different emission patterns used for estimating the detector sensitivity are summarized in table 1. A GEANT4-based simulation is used to model the detector assembly, generate photons, propagate them through the detector, and obtain a PMT hit pattern. The photons detected by the PMTs are mapped and put through a statistical test to check the detector's sensitivity towards the different emission patterns.
The relevant geometrical and optical parameters, which are used in the simulation, are listed in table 2. The scintillation light produced in a particular event is emitted by a cloud of excimers. Each event is simulated as a number of photons that are emitted from a point in the LXe with a certain emission pattern (see table 1 ). The number of generated photons for each event is a random number drawn from a Poisson distribution with a mean of 50, which correspond to an energy deposition of ∼ 2.5 keV (∼ 7 keV) for ER (NR). Events are uniformly generated in the LXe volume. A photon reaching the PMT has a 30% probability to be detected (since the PMTs have QE ≥ 30%), 50% probability to get absorbed and 20% probability to get specularly reflected.
The statistical fluctuation in the electronic signal generated in a PMT for a certain number of incident photon is taken into account. The R8520 PMTs have 20% probability for double PhotoElectron (PE) emission for 178 nm photons [21] , which is included in the simulation.
Each detected photon on a PMT is assigned a uniform position on the PMT surface. The direction of this point with respect to the center of the LXe sphere is defined as the incident direction of the photon. The direction information is then used to calculate the angles between all possible pairs of photons for any event and calculate the correlation between all angle pairs. In order to quantify the anisotropy of the emission, the angle correlation distribution of an anisotropic hit pattern is compared to that of an isotropic pattern using a χ 2 test statistic.
To assess the exposure required to discover one of the patterns mentioned in table 2, 10 4 data sets are generated and tested against the null hypothesis. This is repeated for increasing number of events between 1 − 4000 assuming different values of the anisotropy fraction (r aniso ). The χ 2 ν and its 2σ band for pattern 2, assuming r aniso = 0.1 overlaid with the corresponding values for an isotropic emission are shown in figure 10 . The number of events required to reach a 5σ, for different values of r aniso are calculated for each pattern as illustrated in figure 11 for patterns 1 and 9. The number of events for r aniso = 0.1 are summarized in table 1 for all emission pattern.
A simulation with two typical sources that emit isotropically, a 10 µCi 137 Cs, and a 2.7 µCi 241 AmBe, shows that for an average produced yield of 50 photons/event, the rate of events in the detector is 1.25 × 10 4 events/day for NR and 625 events/day for ER. Therefore a system that can operate stably for a few weeks is expected to provide discriminative measurements for ER and NR events for these parameters.
The power of any observable effect on actual realization of e.g. DM experiments would be assessed based on known measured effects, as the strength, nature and measurability is currently unknown. Effects of this kind have not been searched for and were not reported by past experiments, however the performance of the current setup is designed to give optimal sensitivity to correlation in time and space among scintillation photons, unlike typical LXe setups.
Experimental Operation
The system was tested in a series of commissioning runs that included a full cycle of operation: (a) system evacuation; (b) xenon gas filling and liquefaction; (c) xenon circulation 
Operation Cycle
The IV is evacuated to reach a pressure of ∼ 5 × 10 −6 mbar and the OV is being pumped to better than 10 −4 mbar, where cooling of the cold finger and filling of xenon is started. Cool-down takes a few hours, but it takes several days for the LXe filled detector to reach a thermodynamic steady-state, since elements of the detector that are not in direct contact with LXe, such as the PMT assembly, cool mainly by radiation, which is considerably less efficient than conduction in this case. The system eventually reaches a state suitable for experimental-data acquisition, as described in section 5.2. In the end of the run the xenon is cryo-pumped from the IV to the liquid-nitrogen cooled reservoir tank. Sphere temperature and GXe pressure during the commissioning run. Cryo-cooler was turned on at Time = 0, when the system was already filled with ∼ 1900 mbar GXe at room temperature. Additional GXe was filled after about a day of initial cooling (top left). Stable and tranquil conditions in the sphere were reached after about 15 days (bottom). Large pressure spikes between days 2-14 are due to circulation pump turning on and off. Small hour-scale pressure spikes throughout the run are due to ambient air-conditioning controller algorithm, and they did not compromise the sphere's tranquility. After 43 days the cryo-cooler was turned off and the Xe inside was recuperated (top right).
Cryogenic Stability
In order to have a reliable measurement of the temporal and spatial properties of the scintillation process, the LXe target region is required to be hydrodynamically and thermally stable. Phase transitions or turbulent flows in the xenon inside the sphere will randomly change its local refraction-index field and damage correlation studies. Hence, the foremost milestone of D X commissioning was to demonstrate that LXe can be stably maintained in the sphere as a laminarly-flowing single-phase fluid.
During the commissioning we have identified two dominant sources of thermodynamic disturbances that send GXe bubbles through the sphere when the system is filled with LXe. One is radiation from the OV that directly heats both the sphere and the LXe inside it, and the other is GXe bubbles that form inside the bottom reservoir and float up through the sphere to the LXe surface in the upper pools. Even though all the xenon containing parts of the detector are directly covered with ten-layered super-insulation (in addition to the super-insulation bag that covers the entire detector assembly), the sphere itself is exposed, and hence susceptible to radiative heating from the non-cold parts of the detector, such as the PMT assembly. This assembly is thermally disconnected from the IV and therefore cools very slowly. The steady-state temperature measured on the PMT assembly never goes below −30 • C. Nevertheless, the sphere itself, once cold, is massive enough to serve as a thermal buffer that prevents LXe from boiling inside it. Indeed, for a well isolated IV, this boiling inside the sphere stops several hours after its cool-down. The second source of bubbles that float through the sphere is eliminated by the unique design of the bottom reservoir, which serves as a phase-separator and prevents bubbles from mixing into the up-flowing fluid when it is sufficiently cold (see section 2.3).
In a final commissioning run that extended over 44 days of continuous operation, we have shown that stable conditions with no visible bubbles inside the sphere can be reached within two weeks of cooling, and maintained stable for at least another 30 days. The SC parameters for this run are shown in figure 12 and demonstrate that the stability of the LXe inside the sphere is not compromised by ambient temperature fluctuations. After reaching the 30-day stability milestone, the system was shut down for upgrades and preparation for science runs. For future runs we plan to monitor the LXe state in the sphere with higher resolution using more quantitative methods such as thermal imaging and pulsed light distribution over the PMTs.
First Measurements
The results reported here were collected in two commissioning runs. The setup included the fully assembled detector with 19 PMTs, and the optical USB camera in place of the 20th PMT. Out of these, only 13 (17) PMTs were operational during the first (second) run due to connection and cabling issues inside the OV. The trigger condition is a user-defined combination of PMT signal thresholds and their multiplicities. The events presented in this section were triggered by the crossing of a 100 mV threshold in at least three of the PMTs. In this trigger configuration the detector is not sensitive to low energy interaction, and for physics run the trigger value should be optimized. Several recorded waveforms are shown in figure 13 .
Data was collected in several setups: (a) background, without any external source; (b) gain calibration with short UV-light pulses; (c) 57 Co γ source exposure; and (d) 137 Cs γ source exposure. 
Basic Analysis
The collected waveforms were analyzed offline to find their morphological and statistical features. These features were then used for event classification and rate calculations. Most notably, the baseline and the peaks were established. Since the anode rise time of the PMTs is 1.8 ns, actual PEs can only create peaks wider than 3.6 ns (FWHM). We therefore convolve the waveforms with a 2 ns wide blackman filter, to smooth-out narrow noise-related features before applying the peak detection algorithm.
Gain Calibration
The PMT gain was calibrated for all PMTs in a designated gain calibration campaign which was performed before data acquisition of Background, 57 Co, and 137 Cs.
The UV pulsed-LED described in section 2.3 was set to generate a fast ( 1 ns) and faint calibration signal (365 nm) for the PMTs. For each PMT a sample of 10 5 such events was used to produce the Single PE (SPE) area spectrum, which was then fitted by an empirical distribution model. Assuming normal underlying PE distributions, the combined model can be written as
where G(x; µ, σ) = exp(−(x − µ) 2 / 2σ 2 ) is a Gaussian shape function. The first term represents the pedestal, which is mainly due to electronic noise. The second and third terms are the single and double PE charge distributions, respectively. The effect of higher order terms is negligible with respect to the SPE and therefore not considered. An example of a typical spectrum with its fit is given in figure 14 . The charge resolution (µ 1 / σ 1 ) of the active PMTs is 0.48 ± 0.08 Figure 14 . Charge spectrum of a typical PMT at 850 V under pulsed-LED illumination (black crosses) and a combined fit (blue) of the pedestal, SPE and double PE components. Gain is ∼ 11 × 10 6 .
Temporal Calibration & Resolution
The temporal response of each data channel in the detector, from incident photons at the PMT window to the digitizer output, depends on the internal response of the PMT itself and on the electronic noise and latency fluctuation introduced by the DAQ components. Calibration of the relative delay between the channels is therefore necessary for a correct temporal analysis of events. In each of the PMTs, when the photocathode is illuminated with photons over its entire area, the transit time of a PE pulse inside the PMT has a fluctuation, a transit-time spread or jitter, and it is inversely proportional both to the square root of the PE number, and to the square root of the operation voltage [22] . The manufacturer reports an intrinsic jitter of 0.8 ns (FWHM) at 800 V for our PMTs, to which the channel electronic fluctuation should be added.
When two PMTs record photons that were emitted instantaneously from the center of the detector (i.e., at equal photon time-of-flight), the time delay between the two sets of readings at the DAQ is expected to be normally distributed, and the width of the distribution is the detector's (pairwise) uncertainty in timing. This is also known as the Coincidence Time Resolution (CTR), and is given by
where τ 1 and τ 2 are the overall jitters of the two PMTs. Due to the intrinsic jitter of the PMTs, we expect τ 12 1.13 ns (FWHM). We used high occupancy (> 2000 PEs per waveform) ER events generated by 137 Cs γ radiation, to find a lower limit for the CTR of the detector. These events can be considered as point sources with nearly spherically symmetric emission. The first light of each waveform in each event was timed at the point it reached 10% of the pulse maximum amplitude, relative to the baseline, and the times were used to find the pairwise-delay distributions of the PMTs. The delay distributions of three typical PMT pairs and the distribution of the CTR between all pairs of PMTs are shown in figure 15 . The time uncertainty of the detector in these conditions was found to be 1.4 ns (FWHM), which is sufficient for measuring the temporal structure of LXe scintillation and detecting superradiance (possibly a sub-ns process).
Scintillation Spectrum & Light Yield
The 57 Co scintillation light spectrum is shown in figure 16 (top) . A Gaussian fit to the dominant peak of 122 keV γ-rays gives (805 ± 71) PE. These results correspond to a light yield of L y = (6.6 ± 0.9) PE / KeV and an energy resolution of 9%. Hence, for the full experimental setup with 20 PMTs (which was not tested in this run), a light yield of about L y ∼ (7 ± 1) PE / KeV is expected. The Light Collection Efficiency (LCE), defined as the ratio between the number of photons reaching the PMT photocathode to the number of photons emitted, is given by 3) where N γ is the absolute scintillation light yield for incident particles of energy , N PE is the number of PEs measured by the PMTs per scintillation event and Q eff is the PMT quantum efficiency. For Q eff = 0.3, as measured by the manufacturer, and N γ = 65 ± 2 PE / keV from [23, 24] (with zero electric field), the LCE of the tested detector configuration is L c = (0.33 ± 0.04). For comparison, the geometrical coverage of 17 PMTs gives ∼ 0.35. The difference between these two values can be attributed to waveform tails not included in the digitization window and to the absorption of photons in the sphere (∼ 2%) and LXe (∼ 0.5%). Table 3 shows a summary of the light yield and energy resolution for 57 Co and 137 Cs sources (see spectrum in figure 16 bottom). 
Summary
We have constructed the setup of D X , an apparatus designed to measure the spatial and temporal distributions of LXe scintillation and demonstrated the sensitivity of the detector to different postulated non isotropic emission patterns are studied using MC simulations. For the patterns studied, a run-time of several weeks is required using typical radioactive sources. The detector has shown stable conditions for a run-time of 44 days. The time resolution on calibration events was measured to be 1.3 ns (corresponding to 0.55 ns 1σ) and the energy resolution at 122 keV was measured to be 9% . These values are sufficient to measure effects like super-radiance or other non-linear scintillation processes.
Once we will improve the data quality from the detector by utilizing all 20 PMTs and better understanding the detector response, we will collect data from the same γ sources in addition to a neutron source. This will allow the quantification of spatial and temporal differences between the two interaction types.
